The dominant feature in the acoustic spectrum of a propeller-driven aircraft is the spectral line corresponding to the propeller blade rate that is equal to the product of the propeller shaft rotation rate and the number of blades on the propeller. The frequency of this line, when measured by a stationary observer on the ground, changes with time due to the acoustical Doppler effect. In this paper, the short-time Fourier transform and the Wignet-Ville distribution are used to estimate the propeller blade rate at short time intervals for a turbo-prop aircraft flying at a constant altitude and speed over an acoustic sensor located just above ground level. The temporal variation in the observed blade rate is then used to estimate the speed and altitude of the aircraft, together with the source (or rest) frequency of the blade rate. 
INTRODUCTION
The acoustic spectrum of a transitting aircraft, when received by a stationary observer, changes with time due to the acoustical Doppler effect. Although standard Fourier analysis enables a signal to be decomposed into its individual frequency components and establishes the relative intensity of each component, it does not provide any information on when these frequency components occurred. The traditional method for analyzing signals whose frequency content changes with time is the short-time Fourier transform, which selects only a short segment of the signal (or window of data) for spectral analysis at any one time. This method relies on the frequency content of the signal being stationary during the time interval corresponding to the window length. If this is not the case, then the frequency spectrum becomes smeared; the energy of a spectral line whose frequency is rapidly varying with time, for instance, will be spread over a number of adjacent frequency bins with no indication of how the spectrum evolved during the window interval.
More recently, a combined time-frequency analysis approach has been adopted in the study of nonstationary signals whose spectra are time dependent. With this approach, a twodimensional distribution is used to describe the variation in the signal's intensity as a joint function of time and frequency and so the fraction of the total energy of the signal occurring at a particular time and frequency can be obtained from the joint distribution. Various candidate distributions have been devised that permit the representation of a signal simultaneously in both time and frequency; a comprehensive treatment of these distributions can be found in a tutorial paper by Cohen. 1
The short-time Fourier transform, and a commonly used time-frequency distribution, the Wigner-Ville distribution, are used here to estimate the instantaneous frequency of the propeller blade rate at short intervals of time during the passage overhead of a turbo-prop aircraft. By using the information on the temporal variation of the Doppler shift in the blade rate, it is shown that the aircraft's speed and altitude can be estimated, along with the source (or rest) frequency of the propeller blade rate.
I. SHORT-TIME FOURIER TRANSFORM

A. Continuous time signal
The magnitude squared of the Fourier transform is the classical method used to represent the frequency domain information, or spectrum, of a stationary signal. For a continu-9 ous time signal x(t), the Fourier transform is defined asm(f )= •_x(t)e j2•rf, dr.
(1)
However, if the signal is nonstationary, the variation with time of the signal's frequency content will be obscured because the frequency domain information is defined in (1) to be over an infinite period of time. The short4ime Fourier transform approaches the problem of determining when a particular frequency occurs by partitioning the nonstationary signal into short time segments and then applying a weighting function to the signal within each segment, prior to evaluating the Fourier transform. The short-time Fourier transform is given by 2
where the analysis window co(v) is centered on the time t.
The window function satisfies co(v)=0 for I'•)T/2, where T is the duration of the time segment.
The power spectrum of the modified signal o4r-t)x(r) is given by ps(t,f )= IXs(t,f )l 2.
For each time segment of the signal there is a corresponding spectrum and the totality of these spectra gives a time-frequency distribution known as a spectrogram, which is equivalent to a iofargram in sonar applications. 
where *, denotes the convolution operator with respect to n, and re(n) is a low-pass filter being applied to the signal x{n)e -i2•oe". The modulation of x(n) by e -j2•f" shifts the frequency spectrum ofx(n) at frequency f to zero frequency. Thus the short-time Fourier transform can be interpreted as the output of a low-pass filter that is applied to the signal after its spectrum has been translated from a frequency f to zero frequency.
II. WIGNER-VILLE DISTRIBUTION
A. Continuous time signal
The Wigner-Ville distribution is given by-* W,t,f)=f_z(t+2)z (t 2)e dr, (6) where z(t) is the analytic signal associated with the real signal x( t).
In the time domain, the analytic signal is given by • z(t) =x(t) +jH[x(t)],
where H[x(t)] is the Hilbert transform of the real signal x(t), which is defined by • ,r(t-d. ,
where .
• denotes the Cauchy principal value of the integral.
In the frequency domain, the analytic signal is given by s f2X(f), if f>O,
[0, if f<0.
Thus the analytic signal z(t) can be readily evaluated by calculating the Fourier transform X(f ) of the real signal x(t), then in accordance with (9), setting the negative frequency spectral components to zero before calculating the inverse Fourier transform. The factor of 2 in (9) compensates for halving the total energy of the signal by elimination of that half of the spectrum associated with the negative frequency components of the signal. Note that the periodicity in the frequency variable of the Wignet-Ville distribution is half that of the Fourier transform. Hence, even when the sampling of x(t) satisfies the Nyquist criterion (fs>2fmax, where fmax is the maximum frequency of interest and fs is the sampling rate), there will be aliasing components in the time-frequency distribution, if the real signal x(n), rather than the analytic signal z(n), is used in (11). Use of the analytic signal eliminates the need to sample at twice the Nyquist rate.
If the real signal is used, the resulting time-frequency distribution is commonly referred to as the Wignet distribution, and to avoid aliasing, either x(t) is sampled at double the Nyquist rate (f•>4fm•) or the additional data points are interpolated. ? In addition, if the real signal is used then there is a positive and a negative part to the spectrum that will give rise to cross terms between them. These cross terms manifest themselves as low-frequency artifacts in the time-frequency distribution at low frequencies. 5 In this paper the analytic signal is used to calculate the time-frequency distribution; the resulting joint distribution is commonly referred to as the Wignet-Ville distribution. The Nyquist sampling rate is sufficient when the analytic signal is used because the frequency spectrum of the analytic signal vanishes for negative frequencies and so only the positive frequency components of the signal are used to calculate the time-frequency distribution. 
The following iterative procedure, which requires initial estimates of t,: and s, is used to maximize Q.
Step 1: Determine the initial estimate of t,. which is chosen to be tc= «(t• + ttr+l),
where k=argmax j(N-j) , for l•<j•<N-l.
Step 2: Determine the initial estimate for s by performing a coarse binary search of Q over the range 0(S(Srnax , where Stoa x is equal to the maximum height divided by the minimum speed of interest. In this paper, Sm•x = 10.
Step 3 
